Computations in the mammalian cortex are carried out by glutamatergic and g-aminobutyric acid-releasing (GABAergic) neurons forming specialized circuits and areas. Here we asked how these neurons and areas evolved in amniotes. We built a gene expression atlas of the pallium of two reptilian species using large-scale single-cell messenger RNA sequencing. The transcriptomic signature of glutamatergic neurons in reptilian cortex suggests that mammalian neocortical layers are made of new cell types generated by diversification of ancestral gene-regulatory programs. By contrast, the diversity of reptilian cortical GABAergic neurons indicates that the interneuron classes known in mammals already existed in the common ancestor of all amniotes.
A mniote vertebrates (mammals, reptiles, and birds) originated from a common ancestor about 320 million years ago. In all developing amniotes, the dorsal telencephalon, or pallium, is patterned by the same signaling molecules and subdivided in homologous embryonic regions (1) . In adult amniote brains, however, the structures that arise from these homologous pallial regions have different morphologies and connectivity. For example, a six-layered neocortex exists only in mammals, and the dorsal ventricular ridge (DVR) is found only in birds and reptiles. The hippocampus may be the most conserved pallial region (2) , but even there, it is uncertain whether all the subfields known in mammals (for example, the dentate gyrus) exist in nonmammals (3) (fig. S1 ).
Gene expression data can help reconstruct the evolution of brain regions and cell types (4, 5) . Here we used single-cell transcriptomics to study the evolution of neuronal diversity in the amniote telencephalon. Because cell types defined through transcriptomics match those defined by morphology, physiology, and connectivity (6) (7) (8) , single-cell mRNA sequencing can be applied both for cell-type discovery and for cross-species comparisons (9) . We focused on reptiles, because they, unlike birds, have a layered cortex, and asked the following: (i) Can we identify molecular similarities and homologies between reptilian and mammalian pallial regions? (ii) Are there reptilian cortical neurons homologous to mammalian hippocampal neurons? (iii) Can we link the reptilian three-layered cortex to the mammalian six-layered neocortex? (iv) Are mammalian g-aminobutyric acid-releasing (GABAergic) interneuron types also found in the reptilian cortex?
Neuronal and glial cells in the reptilian pallium
Using Drop-seq (8), we obtained a comprehensive, unbiased classification of adult cell types sampled from the pallium of a turtle and a lizard species (dissections and sequencing statistics in figs. S1 and S2 and tables S1 and S2). After quality filtering ( fig. S3 ), we used unsupervised graph-based clustering of the transcripts from 18,828 turtle and 4187 lizard cells (with a median of 2731.5 and 1918 transcripts per cell, respectively) and identified first-level clusters of neuronal and non-neuronal cells (Fig. 1 , A to C). Among non-neuronal cells, we found clusters expressing prototypical markers of mammalian glial cells: mature oligodendrocytes and their precursors, ependymoglial cells, and microglia ( 
+ ) GABAergic inhibitory interneurons, and neural progenitor cells (Fig. 1 , A to D), consistent with the existence of adult neurogenesis in reptiles. To compare the transcriptomes of turtle, lizard, and mouse neuronal and nonneuronal cells (6) , we selected one-to-one orthologs differentially expressed among these cell types, defined a specificity score for each gene in each cluster, and computed pairwise rank correlations (see methods). This analysis supports correspondence between major neuronal and non-neuronal cell classes ( fig. S4 , D to F) across turtle, lizard, and mouse.
Subclustering of the turtle and lizard neurons revealed finer distinctions between and within excitatory glutamatergic and inhibitory GABAergic neuron types (Fig. 1, E to G, and fig. S5 ). From these neuronal data sets, we selected differentially expressed genes as markers for histological validation and for unbiased comparisons with mammalian cell types. We focused on the turtle data and used the lizard data for corroboration.
Spatial segregation of glutamatergic neurons: A molecular map of the reptilian pallium
Our dissections encompassed multiple regions of the reptilian pallium likely to contain heterogeneous populations of glutamatergic neurons. To establish the anatomical location of our turtle glutamatergic-cell clusters, we selected highly variable genes in the data set that were expressed in some clusters but not detected in others. These markers were expressed in distinct regions of the pallium ( fig. S6 ). The combinatorial expression of markers defined "superclusters," seen also as groupings of adjacent clusters in t-distributed stochastic neighbor embedding (tSNE) plots (Fig. 2, A to B, and fig. S6A ; compare Fig. 1E and Fig. 2B ), in agreement with higherlevel clustering analysis and with our tissue dissections (figs. S7 and S8D and tables S1 and S2). These superclusters correspond to defined anatomical regions: the medial and dorsomedial cortices, the anterior and posterior dorsal cortex, the pallial thickening, the anterior and posterior lateral cortex, and the anterior and posterior DVR ( fig. S8 , A to C). Cell-type similarity was generally higher within than between superclusters ( fig. S8 , F and G). Weighted gene correlation network analysis (WGCNA, see methods) indicates that the unique genetic signature of each region results from different combinations of gene modules (Fig. 2C) . We also associated glutamatergic clusters to anatomically defined pallial regions in lizard ( fig. S9 ). Corresponding regions in lizard and turtle have different relative sizes (for example, lizard anterior dorsal cortex is small) but are clearly delineated by the expression of the same developmental transcription factors such as ZBTB20, SATB1, DACH2, and ETV1 (ER81) (Fig.  2D ). These data define the molecular regionalization of the adult reptilian pallium.
Putative homologies between reptilian and mammalian pallial derivatives are disputed (1, 2, 10, 11) . Central to this debate is the anterior DVR, one of the derivatives of the ventral pallium, which is enlarged in birds and reptiles. This region has been proposed as a homolog of either ventral pallium derivatives [claustrum, endopiriform nucleus, and pallial amygdala (1, 2, 12)] or parts of the neocortex in mammals (5, 10, 11) . The latter hypothesis suggests a dual evolutionary origin of the neocortex, either as separate regions-where medial and lateral neocortex are homologous to reptilian dorsal cortex and DVR, respectively (11)-or as intermixed cell types, where separate neocortical layers are homologous to reptilian dorsal cortex or DVR (5, 10). We compared the turtle superclusters to mammalian pallial derivatives, using a human microarray data set as a reference [(13); see analysis in methods].
Our analysis using all differentially expressed genes ( Fig. 2E ) reveals similarities between turtle medial and dorsomedial cortices and human hippocampus, supporting previous hypotheses (3). The posterior dorsal cortex also showed positive correlations to human hippocampus and subiculum but low negative correlations with nonhippocampal cortices, consistent with the gene network analysis (Fig. 2C) . Earlier studies recognized anatomical similarities between parts of the reptilian dorsal cortex and mammalian subiculum (2, 14) , where ETV1 (ER81) is expressed (15) . It may thus be that the posterior dorsal cortex relates to mammalian peri-hippocampal regions.
Turtle pallial thickening and mammalian claustrum shared expression of several claustrumenriched markers ( fig. S6B ), consistent with anatomical and developmental data (1, 2). We also found correlations between reptilian lateral cortex and mammalian piriform cortex and between posterior DVR and pallium-derived amygdalar nuclei, with the exception of the lateral amygdala. Individual posterior DVR clusters expressed markers of mammalian basolateral (ETV1 and FEZF2) and cortical (ZIC2 and TBR1) amygdala. These clusters mapped to distinct nuclei of the turtle posterior DVR, suggesting that these pallial amygdala subdivisions existed in the common ancestor of mammals and reptiles ( fig. S10) (16) .
Mammalian neocortex showed correlations with several turtle pallial regions (Fig. 2E) (1)]. In reptiles, the expansion of the sensory-recipient anterior DVR led to the emergence of neuronal types specialized in processing different sensory modalities, recognizable as separate molecular, anatomical, and functional clusters (figs. S9 and S10) (17) . According to this hypothesis, reptilian anterior DVR and mammalian neocortex acquired, by convergent evolution, the expression of similar sets of effector genes.
Conservation of hippocampal neuronal types and areal organization
Anatomical and developmental evidence suggest that the reptilian medial-most cortex is homologous to mammalian hippocampus (3, 18) . In line with this, turtle and lizard medial cortices express the mammalian pan-hippocampal transcription factor ZBTB20 ( Fig. 3A and fig. S11 ).
Whether individual hippocampal subfields [dentate gyrus (DG), cornu ammonis (CA)3, CA2, and CA1] are present in reptiles and birds is less clear. Developmental evidence suggests so (18) , but some describe mammalian DG, with its mossy cells and granule cells, as a mammalian novelty (3). Reptilian ZBTB20-positive clusters could be further distinguished by the expression of mammalian DG or CA transcription factors: In turtle, PROX1 and MEF2C (specifying mouse DG granule cells) labeled the medial cortex, and ETV1, MEIS2, and LMO4 (CA) labeled the dorsomedial cortex (Fig. 3A) . The expression of these genes in adjacent domains of turtle and lizard medial cortices ( fig. S11 ) suggests the existence of DG-and CA-like neuronal types in reptiles. This was further supported by unbiased analyses of cell-type transcriptomes. Using WGCNA to identify and compare gene modules [mouse data from (19) , see methods], we found statistically significant overlaps between mouse DG and turtle medial cortex modules and between mouse CA and turtle dorsomedial cortex modules ( fig. S12) . Mouse DG and turtle medial cortex modules shared genes coding for K + -channel subunits or associated proteins (KCNG1, KCNA1, and KCNIP4), possibly accounting for electrophysiological similarities (20) . Other shared genes included the cadherin CDH8, involved in the formation of DG-CA3 synapses, and the granule-cell specific regulators of synaptogenesis and AMPA receptormediated synaptic transmission LRRTM4 and CNIH3 ( fig. S12) . Hence, DG granule cells, including aspects of their membrane and synaptic physiology, are conserved across mammals and reptiles (20) . [No mossy-cell marker (21) had celltype specific expression in turtle medial cortex.]
Next, we computed pairwise cluster correlations using one-to-one orthologs differentially expressed among the ZBTB20 + clusters. This revealed further heterogeneity among the ZBTB20 + ETV1 + cells, with turtle dorsomedial cortex clusters showing best mutual correlations to mouse CA3 or CA1 (Fig. 3B) . Mammalian CA3 or CA1 markers (19, 21) were differentially expressed in these turtle clusters (Fig. 3C ). CA3-and CA1-like cells occupy adjacent positions [with CA3-like cells closest to medial cortex (DG)] and form morphologically distinct cell plates ( Fig. 3A and fig. S11 ). We found no evidence for a reptilian CA2 cell type ( Fig. 3B and fig. S11B ). In summary, reptilian hippocampus can be subdivided into adjacent territories similar to the mammalian DG, CA3, and CA1 fields. The developmental origin of these cells from the medial pallium (18) and their similar mediolateral distribution, connections (22) , biophysical properties (20) , and molecular identities (this study) support the hypothesis that mammalianlike hippocampal regions were already present as adjacent fields in the ancestor of all amniotes. The architecture of the mammalian hippocampus, with its signature infoldings, may thus result from the considerable enlargement of neocortex in the mammalian lineage.
Transcriptomic signatures of neocortical upper and deep layers in turtle dorsal cortex
Mammalian six-layered neocortex evolved from a presumed three-layered ancestral cortex in a stem amniote. What is the relationship between the neurons and layers in the mammalian neocortex and the reptilian cortex? Earlier studies suggested that L2/3 and L4 ("upper layer," UL) neurons are mammalian novelties; reptilian pyramidal neurons have thus been compared to the mammalian early born L5 and L6 ("deep layer," DL) neurons (23, 24) . By contrast, connectivity implies that reptilian cortex should harbor both L4 (that is, thalamorecipient) and L5 (cortico-fugal) types, and it has been suggested that these types, rather than occupying different layers, populate adjacent fields in turtle cortex: one in anterior dorsal cortex (RORB + L4-like neurons) and one in posterior dorsal cortex (ETV1 + L5-like neurons) (5, 10) .
Our data indicate that anterior dorsal cortex is the only region comparable to mammalian neocortex (Fig. 2) . We examined the expression of prototypical mammalian-layer markers (7, 25, 26) in the six turtle anterior dorsal cortex glutamatergic clusters (e07, e08, and e13 to e16). These cells expressed several mammalian UL and DL markers, but these genes were often coexpressed in the same clusters (Fig. 4A and fig. S13A ). When we focused on the transcription factors that establish and maintain cell identity in the neocortex, we observed that, in the turtle, these genes were expressed in combinations that were never observed in differentiated mammalian cortical neurons. For example, all turtle anterior dorsal cortex cell types coexpress genes enriched in mammalian L2/3, L4, and L5a intratelencephalic neurons, including SATB2, RORB, and RFX3, as well as genes specifying L5b and L6 corticofugal projection neurons, such as BCL11B (CTIP2), TBR1, and SOX5 (all clusters except e13) (25) (Fig. 4,  A and B) . In mouse neocortex, some of these genes are known to repress each other's expression in postmitotic cells (for example, Satb2 and Bcl11b; Tbr1 and Bcl11b) (26) .
Extending the comparative analysis to all differentially expressed genes revealed that anterior dorsal cortex cell types correlated with either mammalian UL (e13 to e16) or DL (e07 and e08) neurons, independent of the neocortical area used for comparison (Fig. 4C and fig. S14 , A to C). This trend was confirmed by gene network analysis ( fig. S13, B and C) . By contrast, anterior DVR clusters could not be grouped into UL-and DL-like classes ( fig. S14, D to F) .
As anticipated by the sequencing data, in situ hybridizations (ISHs) showed coexpression of mammalian UL and DL transcription factors throughout the turtle anterior dorsal cortex (Fig. 4B) . Individual UL-like neuronal types (e13 to e16) were differentially distributed along the mediolateral and rostrocaudal axes of the anterior dorsal cortex, matching known anatomical subdivisions ( fig. S15 ). By contrast, the DL-like cells e07 and e08, identified by parathyroid hormonelike hormone (PTHLH) expression, appeared interspersed throughout the anterior dorsal cortex. In the rostro-lateral dorsal cortex, DL-like cells were confined to the superficial part of L2 ( Fig.  4D; additional markers in fig. S15 , C to E). These markers thus identify two distinct sublayers in turtle L2: a superficial L2a with mostly DL-like neurons and a deeper L2b with mostly UL-like neurons. Retrograde tracing from the thalamus labels L2a cells (27, 28) , suggesting that these neurons, or a subset of them, are corticofugal and project to the thalamus.
In conclusion, our transcriptome-wide comparisons reveal the presence of global UL-and DL-like genetic signatures in distinct neuronal types of turtle anterior dorsal cortex but do not support, with the current resolution, homologies between turtle glutamatergic types and individual neocortical layers. In reptiles and mammals, UL and DL genetic signatures might have evolved independently from a stem amniote that lacked distinct UL-and DL-like neurons: Neurons with similar characteristics, such as inputoutput connectivity, would have acquired the expression of similar gene sets by convergent evolution. Alternatively, UL-and DL-like neurons may have existed already in the dorsal cortex of stem amniotes. If true, the emergence of the six layers that form mammalian neocortex would be a novelty [sensu (29) ], with the evolution of new pyramidal cell types through extensive modifications of the genetic programs specifying ancestral UL-and DL-like types.
Conservation of GABAergic interneuron classes across amniotes
GABAergic interneurons in mammalian neocortex are diverse and participate in different circuit motifs and computations (30) . Little is known about cortical interneurons outside of mammals. In several vertebrates, including reptiles, GABAergic interneurons are generated in conserved subpallial regions-the medial, caudal, and lateral ganglionic eminences (MGE, CGE, and LGE)-and migrate to the pallium (31, 32) . Reptiles, however, are thought to lack some mammalian GABAergic types, such as cortical vasoactive intestinal peptide (VIP) interneurons (24) . We examined the turtle GABAergic clusters (i01 to i18) and the expression of transcription factors known to define mammalian GABAergic types. e29  e30  e31  e32  e33  e34  e35  e36  e37  e38  e24  e26  e27  e28  e13  e14  e15  e16  e07  e08  e03  e04  e05  e06  e09  e10  e11  e12  e01  e02  e19  e18  e17  e20  e21  e22  e23  e25 MC DMC pDC aDC PT aLC pLC aDVR pDVR (Fig. 5A) . Corresponding MGE-, CGE-, and LGEderived neurons could also be identified in lizard ( fig. S16, A to C) . The remaining GABAergic clusters correspond to cells dissected from the neighboring septum (i02 and i03) and striatum (i04). Stainings revealed the presence of LGEand septum-derived interneurons in the amygdala (i04 and i05) and olfactory bulb (i01 and i02), indicating that LGE-and septum-derived GABAergic neurons have similar molecular identities and migratory trajectories in reptiles and mammals (Fig. 5A and fig. S16, D and E) .
Turtle MGE-and CGE-derived interneurons could be further subdivided into somatostatin ("SST"), parvalbumin-like ("PV-like"), "HTR3A Reln," and "HTR3A VIP-like" classes, matching the classification of mammalian cortical GABAergic interneurons (7, 30) (Fig. 5A) . Pairwise cluster correlations (Fig. 5B) and gene network analysis ( fig. S17 ) further supported the conclusion that PV-like, SST, and HTR3A interneuron classes are conserved in reptiles and mammals. [Note that transcriptomics identifies VIP-and PV-like interneurons even though VIP and PVALB are not reliably expressed in these cells (Fig. 5A ).]
In turtle and lizard, markers of MGE-and CGEderived interneurons were expressed in cells scattered throughout the pallium, including the dorsal cortex (Fig. 5C) . As in mammals, where MGEand CGE-derived interneurons have different densities across cortical layers, neurons expressing ADARB2 (HTR3A) and SST (SST) were found preferentially in superficial and deep dorsal cortex, respectively; NDNF (HTR3A Reln) was expressed in rare dorsal cortex subpial cells, reminiscent of mammalian L1 neurogliaform cells (Fig. 5, D and E) . Because the same classes of cortical GABAergic neurons exist in mammals and reptiles, they likely existed in their amniote ancestor. Our analysis did not detect similarities at a finer level: For example, we found no turtle 
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Discussion
Our single-cell data provide molecular support to the existence of conserved regions and cell types in the amniote pallium. Homologs of the mammalian neocortex, "core" hippocampus (with dentate and CA fields), claustrum, and pallial amygdala probably existed already in stem amniotes. Glutamatergic neurons with an UL-or DL-like genetic signature exist in turtle anterior dorsal cortex, but one-to-one homologies of these cell types and individual mammalian layer types are not supported by our data. By contrast, cortical GABAergic interneuron classes (SST, PVlike, and HTR3A) are ancestral in amniotes. Our analysis indicates that mammalian and reptilian brains diversified by expansion and independent evolution of different pallial territories and that these expansions coincided with the evolution of new neuronal types. The large reptilian anterior DVR (ventral pallium), for example, consists of spatially segregated neuronal types specialized in processing visual, auditory, or somatosensory stimuli (17) . The same sensory pathways also reach the ventral pallium of mammals (for example, the lateral amygdala) but are not processed by dedicated neuronal populations there (12) . This suggests that the elaboration of DVR neurons and circuits is specific to reptiles and birds.
The situation is reversed with the dorsal pallium. Mammalian neocortex emerged by expansion of a small dorsal pallial territory, homologous to the anterior dorsal cortex of reptiles and to the avian Wulst (1). This may have coincided with the generation of new glutamatergic cell types from the diversification of UL-and DL-like neurons. The sequential generation of neurons with distinct identities is a conserved feature of mammalian and reptilian (33) dorsal pallium progenitors, and corticothalamic neurons are early born neurons in mouse and turtle (28 Neuronal birth order is the same in turtle and mammals (DL first, UL late) (28) , and the superficial position of turtle DL-like neurons is consistent with the inversion of corticogenesis (outside-in in reptiles, inside-out in mammals) (28, 34) . Finally, in mammals, transcription factors specifying UL and DL fate are coexpressed in progenitors and acquire mutually exclusive expression only after cell-cycle exit (35) . The coexpression of mammalian UL and DL fate specifiers in turtle neurons suggests that cortical layers may have evolved from the remodeling of regulatory interactions between these transcription factors, possibly through new repressive interactions. The temporal extension of neurogenesis (33) could have enabled the segregation of originally overlapping gene expression programs and thus the diversification of ancestral UL and DL types.
These molecular maps of turtle and lizard pallium provide a framework for future functional studies. How do similarities and differences in gene expression programs inform us about the evolution of brain function? Much of reptilian cortex, for example, is molecularly related to core mammalian hippocampus. Lesion experiments in reptiles suggest a role for medial cortex in navigation (22) , but no chronic electrophysiological data have, as of yet, been obtained from these regions. Integrating our molecular maps with tracing, electron microscopy, and electrophysiological studies is needed to understand whether and how gene expression programs are linked to the evolution of connectivity and function.
Common principles of synaptic organization can be extrapolated from the comparison of threeand six-layered cortices (36) . Are these similarities coincidental or do they reflect ancestral cortical circuits? In mammals, local circuit motifs involve GABAergic types with distinct molecular and functional features (30) . Our study indicates that interneuron diversity is ancestral to both mammals and reptiles. The conservation of interneuron classes over at least 320 million years suggests not only that there is selective pressure for interneuron diversity but also that interneuron diversity itself may have evolved in stem vertebrates within primordial cortical circuits (37) . Alternatively, the conservation of interneuron classes may result simply from developmental constraints on subpallium patterning. The combined molecular and functional investigation of circuit motifs in reptilian cortex may shed light on the ancestral design and computational logic of vertebrate cortices. i02  i03  i04  i05  i06  i01  i14  i15  i16  i17  i18  i07  i08  i09  i10  i12  i11  i13   SALL3  PAX6  ZIC1  TH  ZFHX4  FOXP2  FOXP1  SIX3  TSHZ1  PBX3  MEIS2  TRH  VIP  SP8  GRP  NFIX  PROX1  NR2E1  HTR3A  ZBTB16  SALL1  CNR1  ADARB2  NPAS1  NPY1R  NR2F2  SLC1A2  LRRTM4  PENK  TNFAIP8L3  RGS12  NDNF  ID2  RELN  ZEB2  DLX1  CALB1  CBLN4  ELFN1  EFNA5  CTNND2  CACNG3  HTR1A  NPY  SST  SATB1  BCL11A  ARX  LHX6  SOX6  ENO2  KCNC2  KCNC1  S100A1  BTBD3  TRPS1  CNTNAP4  GABRB2  LMO3  BCAN  ETV1  PVALB 
